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ABSTRACT 
The effects of the partial pressure of oxygen and temperature on the oxygen reduction on a submerged gold electrode 
in a lithium carbonate melt were investigated using cyclic voltammetry and impedance analysis. The values for the mass- 
transfer parameters, D~eCo, obtained from cyclic voltammetry and impedance analysis were in good agreement. The reac- 
tion orders for oxygen at 800~ were calculated to be about 0.3 for the exchange current density and 0.5 for the product 
1 / 2  . 
Do Co, these values are consistent with the mechanism proposed in the literature for oxygen reduction in LiaCO3 melt. 
An elucidation of the oxygen reduction reaction in 
molten alkali carbonate is essential because overpotential 
losses in the molten carbonate fuel cell are considerably 
greater at the oxygen cathode than at the hydrogen anode. 
Appleby and Nicholson (1-4) examined the oxygen reduc- 
tion reaction in molten carbonates on a submerged gold 
electrode using steady-state and potential scan tech- 
niques. They observed that oxygen dissolves chemically in 
molten carbonate as peroxide and/or superoxide ions de- 
pending on the cations present in the melt. In pure Li~CO3 
or a Li-rich melt the peroxide species is dominant, 
whereas in a K-rich melt the superoxide species is domi- 
nant. Hence, the oxygen reduction mechanism strongly 
depends on the cations present in the melt. Lu (5) investi- 
gated the oxygen reduction process in pure Li2CO3 and a 
Li-K (62 mole percent (m/o):38 m/o) carbonate eutectic 
mixture using a potential step method. The exchange cur- 
rent density, determined by Lu (39 mA/cm 2 for 90% 02 and 
10% COx at 750~ in Li2CO3 melt), is two orders of magni- 
tude higher than that observed by Appleby and Nicholson 
(0.34 mA/cm 2) who used the potential scan technique. Lu 
concluded that the exchange current densities determined 
from the potential scan data underestimate the actual 
values. Uchida et al. (6-8) determined the kinetic parame- 
ters of oxygen reduction in a Li-K (42.7 m/o:57.3 m/o) car- 
bonate eutectic melt  on a gold electrode using impedance 
analysis, potential step, and coulostatic relaxation meth- 
ods. They found that the exchange current density was 
about the same order of magnitude as that observed by Lu. 
In addition, they concluded that impedance analysis is the 
most reliable of  the three methods for the determination of 
the kinetic parameters for oxygen reduction in molten car- 
bonates. These studies make it clear that the mechanism 
for the oxygen reduction in molten carbonate is not well 
understood. Consequently in the present work, the kinetic 
and transport parameters are determined as a function of 
Po~ and temperature using cyclic voltammetry and imped- 
ance analysis. 
Experimental 
The experimental  arrangement and the electrochemical 
cell assembly used here have been described elsewhere (9). 
The working electrode was made of a submerged gold flag 
(0.025 mm thick), with a geometrical area of 1 cm 2, con- 
nected to the gold current collector (0.5 mm diam) by a 
thin gold wire to minimize the meniscus effect (10). The 
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counterelectrode consisted of a large gold foil which was 
used as an inner liner of the cell to ensure uniform current 
distribution. The reference electrode was also made of a 
gold foil, but encased in an alumina tube which was 
pressed against the bottom of the electrochemical cell. The 
high purity (99.9%) gold foils and wires were obtained from 
Johnson Matthey//ESAR Group. Digital mass flow con- 
trollers/meters manufactured by Teledyne-Hastings Ray- 
dist were used to provide the gas mixtures of the desired 
compositions (02, CO2, and Ar) with high precision (• 1% 
full scale). The high purity gases were obtained from 
Matheson Gas Products and the traces of water were re- 
moved by passing the blended gas through a column of 5A 
molecular sieves and Drierite (Fisher Scientific). The gas 
mixture was bubbled into the melt in the vicinity of the 
working electrode at a flow rate of 50 cm '~ ra in  1 by a long 
alumina tube with four holes. The composition of the gas 
mixture supplied to the reference electrode compartment  
was the same as the one used for the working electrode, 
but at a flow rate of 5 cm 3 rain-1. The equilibrium between 
the gas and the carbonate melt was achieved by bubbling 
the gas for at least 12 h prior to the experiment.  For this 
study, Po2 was varied from 0.1 to 0.8 atm, while Pco2 was 
kept constant at 0.2 atm. The total pressure was kept con- 
stant at 1 atm by varying the partial pressure of argon. The 
Puratronic grade (99.999%) lithium carbonate (Alfa Prod- 
ucts) was carefully weighed in an alumina crucible (90 ml 
capacity) and the electrochemical cell was slowly heated 
(50~ to 350~ under inert environment.  The electro- 
chemical cell assembly was dried at 350~ in a carbon 
dioxide environment  for 24 h before heating to 800~ The 
data acquisition setup consisted of a potcntiostat/gal- 
vanostat (Model 273), lock-in-amplifier (Model 5301A), per- 
sonal computer  (IBM PS/2), and software (Model 378) sup- 
plied by PAR. 
Results and Discussion 
Cyclic voltammetry.--Cyclic voltammetry measure- 
ments were made for oxygen reduction on a gold electrode 
in a quiescent Li2CO3 melt as a function of scan rate, tem- 
perature, and Po2- The working electrode potential was 
scanned between the rest potential and --0.5V vs. reference 
electrode; the scan rate was varied from 10 to 200 mV/s. 
The effect of Po~ on the cyclic voltammogram, recorded at 
the scan rate of 100 mV/s at 800~ temperature is shown in 
Fig. 1. During the forward scan, a diffusion-limited peak, 
followed by a limiting plateau, was observed. The peak po- 
tential (Ep) was found to be independent  of the scan rate 
(up to 200 mV/s) and the position of this peak was 
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40-45 mV nega t ive  to the  rest  potential .  App leby  and 
Nicholson  (2) m a d e  a s imilar  observa t ion  and a t t r ibuted  it 
to pe rox ide  r educ t ion  in a Li2CO3 mel t  as shown in step [2] 
of  this p roposed  m e c h a n i s m  
1/2 02 + COn a- ~ Oz a- + C02 [1] 
O~- + e - ~ ( O  ) + 0  2- [2] 
(O-) + CO2 + e ~ CO~ [31 
(O z-) + C02 ~ CO~- [4] 
1/2 O2 + CO2 + 2e- ~ CO~- [5] 
The  small  sp ikes  that  occur  after  the  peaks  are not  under-  
s tood at this t ime. The  cur ren t  dens i t ies  in the  reverse  scan 
were  lower  than  those  in the  forward  scan and at the  end of  
the  cycle,  large anodic  cur ren t  densi t ies ,  which  subs ided  
s lowly and reached  zero in a few minutes ,  were  observed.  
Lu (5) observed  s imilar  behav ior  for 02 reduc t ion  in Li-K 
mel t  and a t t r ibu ted  it to an increase  in the  basicRy of  the  
mel t  near  the  work ing  e lec t rode  due  to an accumula t ion  of  
ox ide  ions p roduced  dur ing  the  forward sweep  which  
shifts the  equ i l i b r ium potent ia l  in the  nega t ive  direct ion.  
A plot  of  the  effect  of  Po2 on the peak cur ren t  dens i ty  (i,) 
vs.  square  root of  the  scan rate (v ]~2) at 800~ is shown in 
Fig. 2. The  l inear  behav ior  ofi~ vs.  v v~, shown in Fig. 2, and 
invar iance  of  E,  wi th  respec t  to the  scan rate (Fig. 1) indi- 
cate that  oxygen  reduc t ion  in a Li.,COa mel t  is revers ible  
up to 200 mV/s (11). As shown in Fig. 2, an increase  in par- 
tial p ressure  of  o x y g e n  increased  the  s lope ofip vs.  v ~:~ plot. 
As sugges ted  by App leby  and Nicholson  (2), the  diffusion- 
l imi ted peak for O2 reduc t ion  in Li2CO3 can be descr ibed  
by the  theory  deve loped  by Berzins  and Delahay (12) for 
the  revers ib le  d i f fus ion-cont ro l led  peak where  the  p roduc t  
ac t iv i ty  is cons ide red  to be invar iant  and equal  to uni ty  
(e.g., meta l  deposi t ion) .  Acco rd ing  to Berzins  and Delahay,  
the  peak cur ren t  dens i ty  is g iven by the  tb l lowing ex- 
press ion  
ip = 0.61(nF/RT)V2nFD~'~Cov v2 [6] 
The  t ranspor t  pa rame te r  D~aCo was ca lcula ted  f rom the  
s lope ofip vs.  v l'~ plot  us ing  Eq. [6]. The  calcula ted values  of  
the  t ranspor t  pa ramete r  for var ious  Poa are g iven  in 
Table  I. The  increase  in the  partial  p ressure  of  oxygen  in- 
creased the  p roduc t  D~oeCo, mainly  due  to increase  in per- 
ox ide  ion concent ra t ion .  Plots  of  the  effect  of  P(h on the  cy- 
clic v o l t a m m o g r a m  and on the  ip vs. v ]c~ plots at 850~ are 
shown in Fig. 3 and 4, respec t ive ly ;  e s t imated  values  of  
D~or2Co are  g iven  in Table  I. The  t empe ra tu r e  change  caused 
a two-fold increase  in DleCo.  React ion  order  plots for 
D,,ar, wi th  respect  to P(h, at cons tan t  Pc(h, are shown in O " - ' O  
Fig. 5. The  02 react ion order  ob ta ined  by l inear regress ion 
analysis  is close to +0.5, which  agrees  well  wi th  the  perox-  
ide format ion  s tep (Eq. [1]) in the  react ion m e c h a n i s m  de- 
scr ibed earlier. 
I m p e d a n c e  m e a s u r e m e n t s  a n d  a n a l y s i s . - - T h e  imped-  
ance m e a s u r e m e n t s  were  carr ied out  for oxygen  reduc t ion  
in Li2CO3 me l t  at the  rest  potent ia l  as a funct ion of  Pox, 
t empera tu re ,  and f r equency  (0.05 Hz-10 kHz). For  f requen-  
cies h igher  than  10 kHz, an induc t ive  behavior  (posit ive 
imaginary  impedance )  was observed;  hence  the  high-fre- 
q u e n c y  m e a s u r e m e n t s  were  l imi ted to 10 kHz. F igures  6 
and 7 show the  effect  of  Po2 on the  B o d e  plot  (phase angle  
vs.  log r for 800 and 850~ respect ively .  For  high f requen-  
cies, the  phase  angle  app roached  0 ~ indica t ing  a pure ly  re- 
s is t ive behav ior  of  the  impedance .  The  i m p e d a n c e  at 0 ~ 
phase  angle  is a measu re  of  the  solut ion res is tance (R0 be- 
tween  the  work ing  and reference  electrodes.  At  low fre- 
quenc ies ,  the  phase  angle  approached  - 4 5  ~ , indica t ing  that  
mass- t ransfer  (Warburg) i m p e d a n c e  was dominant .  The  ef- 
fect  of  Po2 on o x y g e n  reduc t ion  kinet ics  is ev iden t  at inter- 
med ia te  f requencies ,  ref lect ing increased  charge- t ransfer  
res is tance (Rct) wi th  decrease  in Po2-The effect  of  tempera-  
ture  can be  obse rved  by compar i son  of  Fig. 6 and 7; an in- 
crease  in the  t e m p e r a t u r e  decreased  the  charge- t ransfer  re- 
s is tance and the  mass- t ransfer  res is tance became  
d o m i n a n t  at re la t ively h igher  f requencies .  The  sharp devi-  
a t ions in the  data  near  110 Hz f requency  are due  to the  
m e a s u r e m e n t  system. 
A c o m p l e x  non l inear  least  squares  (CNLS) pa ramete r  es- 
t imat ion  p rogram (13, 14) based on the  Randles -Ersh le r  
equ iva l en t  c i rcui t  (15, 16) was used for the i m p e d a n c e  anal- 
ysis. This  analysis  p rovides  es t imates  of  the  charge-  
Table I. Comparison of ,~2 - product D O Co estimated by cyclic voltammetry and electrochemical impedance spectroscopy at 0.2 atm Pea2. 
D~Co x I0 ~ 
tool cm -2 s 1,2 
Tern perature 
(~ 800 850 
Po2 Cyclic Impedance Cyclic Impedance 
(atm) voltammetry analysis voltammetry analysis 
0.1 1.08 1.03 = 0.04 2.41 2.53 • 0.06 
0.2 1.49 1.49 -0.03 3.71 3.08 -+. 0.09 
0.4 2.07 2.12 ~-. 0.07 4.95 5.25 + 0.17 
0.6 2.53 2,70 -+ 0.09 6.12 6.60 -+ 0.22 
0.8 2.92 3.08 • 0.10 7.26 7.65 § 0.28 
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transfer resistance (Rr double layer capacity (C~I), War- 
burg coefficient (a), and solution resistance (R~). In our 
analysis, we found that the weighting factor (inverse of the 
error variance) influences the accuracy of the parameters 
estimated from the impedance data. Here, we have used 
the proportional weighting factor (17) to estimate kinetic 
and mass-transfer parameters from the impedance data. 
Figures 8 and 9 show the effect of Po~ on real impedance 
(Z') vs. the inverse square root of angular frequency (o~ ~'z) 
for temperatures 800 and 850~ respectively. In a low fre- 
quency region, Z' vs. ~-~'~ plots showed a linear behavior 
with a slope proportional to the Warburg coefficient (~r). As 
shown in Fig. 8 and 9, cr decreased with increase in Poz and 
t e m p e r a t u r e ,  d u e  to an increase in peroxide ion concentra- 
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for the data computed by the model using estimated pa- 
rameters. The estimated parameters for various partial 
pressures of oxygen are given in Tables II and III. These 
tables show that increase in Po2 and temperature de- 
c r ea sed  R,: t and ~r, whereas the change in R~ was negligible. 
The effects of Po2 and temperature on the impedance spec- 
trum can be observed from log IZI vs. log r plots shown in 
Fig. 10 and 11. 
Since impedance measurements were obtained at the 
rest potential, the following expressions can be used for 
the charge-transfer resistance and the Warburg coefficient 
(18) 
R T  
Rot - [7] 
nFio 
R T ( 1  1 ) 
- ~.--TS-A-- + ~ ~r n~FZA",/-2 D o Co D a C a  
[8] 
For peroxide reduction in Li2CO3 melt, Co is much smaller 
than C~ because the final product is carbonate ion. There- 
fore 1/D~(~C~ is negligible compared with 1/D~Co. Thus 
Eq. [8] can be approximated by the following expression 
r - n2F2A.X/~ [9] 
Using Eq. [7] (where n = 2, for peroxide reduction), ex- 
change current densities (i0) calculated for several values 
of  Pc~ and temperature,  are shown in Tables II and III. The 
estimated values of the exchange current density are 
closer to those obtained by Lu (5) and Uchida et al. (8) but 
two-orders of magnitude higher than those observed by 
Appleby and Nicholson (2) who used the potential sweep 
technique9 Lu used the potential sweep and potential step 
Downloaded 14 Jun 2011 to 129.252.106.20. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
676 J. Electrochem. Soc., Vol. 138, No. 3, March 1991 9 The Electrochemical Society, Inc. 
g.. 
g 
I ' I I I I 9 
Working Gas: 
~o.o OJCO,/A, / 
1 : 2 : 7  / 
. . . . . . . . . . .  ~ 2 : 2 : 6  
=o.o ....................... 9 4 : 2 : 4  . , 7  
--"~ 6 : 2 : 2  ~ ........ 
. . . .  -...* 8 : 2 : 0 ~ " ~  . . . . . . - " "  
$0.0 
.o.#~....,,*'#~*~ i 
4r ~ .i-ll" ' . , ~ . . .  
30.00.0 I ~ ~  ~ ' ~ I ' L t  4r ~  9  ~ ' ~ ' " ~ -  I I 
o.o o~ o.4 o.e o.e to 
u "~ (~'~) 
Fig. 8. Effect of Po~ on Z' vs. w ~2 plot for 02 reduction on gold elec- 
trode in Li~C03 melt at 0.2 atm Pco~ and 800~ symbols: experimental 
data; lines: regression data. 
~-~ ' I ' I ' I 9 I ' I 
% .  Working Ga~ 
"-':.. . . ' :~ o j c o ~ ,  
ZO. 7 ~ . . . : : ' . . . ' ~  ~ 1 9 2 " 7  
, . . . . . . . . . .  , 2 :  2 : 6  
='- . " . ~ ; . ; . . . . x ~  9 .................... 9 4 : 2 . 4  
I~ " ~ ; . " = ~  0 - - - - "  ~ 6 : 2:2 
o ,  
O.0 
,.O J5 0.6 16 2.JS SJS 4.8 
Fig. I O. Effect of Po~ on log IZl vs. log ~ plot for 02 reduction on gold 
electrode in Li~CO~ melt at 0.2 atm Pcoz and 800~ symbols: experi- 








I ' l I ] I 9 
Working Gas: 
o,/coJAr 
: -- 1 : 2 : 7  ~ .a 
... . . . . . . . . .  ~ 2 : 2 : 6  p / ~  ...,"" 
9 .................... n 4 : 2 : 4  / ...-"" 
) - - -~  6 : 2 : 2  f .-"" 
~-'-'--'----+ 8 : 2 : 0  . . . - " ~ ' " " "  
, ............... : ~  
, A  9 9 . . . . .  
0.2 0.4 0.~ O.e tO .Vl 
U (S '~) 
Fig. 9. Effect of Po~ on Z '  vs. oJ 1~ plot for 02 reduction on gold elec- 
trode in Li2CO 3 melt at 0.2 otm Pco2 and 850~ symbols: experimental 
data; lines: regression data. 
2.o 
..... L Working Gas: 
9 .. ""..'~ ojco IAr 
x . ~ . . . .  ",~-~. " .................... = 4 : 2 : 4  
" "~ :~ , "~ . ' b~_ .  ~ - - ~  6 :  2 : 2  
,.o . . . . .  8 :  2 :  o 
0.0 
-0.6 , i , i , t , "~ ,to ~ _  
-O.E 0.5 1.S 2.5 3.5 4.5 
Iog(~. tad~an/a) 
Fig. l 1. Effect of Poz on Io 9 IZl vs. log w plot for O~ reduction on gold 
electrode in Li2C03 melt at 0.2 atm Pco2 and 850~ symbols: experi- 
mental data; lines: regression data. 
t e c h n i q u e s  to  s t u d y  t h e  o x y g e n  r e d u c t i o n  in  a Li-K,  (62 
m / o : 3 8  m/o)  c a r b o n a t e  e u t e c t i c  m i x t u r e  o n  a g o l d  e lec-  
t r o d e .  H e  s h o w e d  t h a t  t h e  e x c h a n g e  c u r r e n t  d e n s i t i e s  de -  
t e r m i n e d  b y  t h e  p o t e n t i a l  s w e e p  m e t h o d  u n d e r e s t i m a t e d  
t h e  a c t u a l  v a l u e s .  T h e  p l o t s  o f  e x c h a n g e  c u r r e n t  d e n s i t y  as  
a f u n c t i o n  o f  t h e  p a r t i a l  p r e s s u r e  o f  o x y g e n  a t  t w o  t e m -  
p e r a t u r e s  a r e  s h o w n  in  Fig .  12. F r o m  t h e  s l o p e s  o f  t h e s e  
l i ne s ,  t h e  r e a c t i o n  o r d e r s  for  o x y g e n  w e r e  c a l c u l a t e d .  A t  
800~ t h e  e x c h a n g e  c u r r e n t  d e n s i t y  y i e l d s  a p o s i t i v e  r eac -  
t i o n  o r d e r  o f  v a l u e  0.30 w i t h  r e s p e c t  to  Po2, w h i c h  is c o n -  
s i s t e n t  w i t h  t h e  p e r o x i d e  r e a c t i o n  m e c h a n i s m  p r o p o s e d  b y  
A p p l e b y  a n d  N i c h o l s o n  (2), w h e n  t h e  f i rs t  c h a r g e  t r a n s f e r  
(Eq .  [2]) is t h e  r a t e  d e t e r m i n i n g  s t e p  ( rds)  a n d  t h e  s y m m e -  
t r y  f a c t o r  (13) h a s  a v a l u e  o f  0.5. A s  s h o w n  in  T a b l e s  II  a n d  
III ,  t h e  c a p a c i t a n c e  v a l u e  i n c r e a s e d  w i t h  a n  i n c r e a s e  in Po2 
a n d  t h i s  i n c r e a s e  w a s  m o r e  n o t i c e a b l e  a t  h i g h e r  t e m p e r a -  
t u r e .  T h e  m a s s - t r a n s f e r  p a r a m e t e r  D~)r2C o w a s  c a l c u l a t e d  
f r o m  t h e  e x p r e s s i o n  for  t h e  W a r b u r g  c o e f f i c i e n t  (Eq.  [9]). 
A s  s h o w n  in  T a b l e  I, t h e  m a s s - t r a n s f e r  p a r a m e t e r s  es t i -  
m a t e d  b y  i m p e d a n c e  a n a l y s i s  a n d  c y c l i c  v o l t a m m e t r y  
t e c h n i q u e s  a r e  in  g o o d  a g r e e m e n t .  F o r  c o m p a r i s o n  w i t h  
Table II. Electrode kinetic and mass-transfer related parameters estimated by electrochemical impedance spectroscopic technique 
at 800~ temperature and 0 . 2  arm Pcor  
Po~ ~ Rct i0 • 10~)~ Cdl • 106 Rs 
(atm) (l~ cm 2 s 1,~) (fl cm 2) ( A c m  (F cm 2) ([l cm 2) 
0.1 164.4 • 6.3 1.79 _+ 1.47 25.9 ~ 21.3 270.5 ' 14.7 0.35 
0.2 114.0 • 2.5 1.49 • 0.57 31.1 +- 11.9 292.6 -+ 11.0 0.40 
0.4 79.8 • 2.7 1.17 • 0.52 39.3 • 17.3 324.3 • 17.5 0.36 
0.6 62.8 • 2.1 1.07 ~- 0.39 43.3 -' 15.7 348.8 -+ 18.3 0.37 
0.8 55.1 • 1.9 0.95 • 0.34 48.7 -+ 17.3 366.0 • 20.8 0.37 
Table III. Electrode kinetic and mass-transfer related parameters estimated by electrochemical impedance spectroscopic technique 
at 850~ temperature and 0.2 atm Pcor 
Pc'z r Re. io • 10 "~ Cdi x 10 6 R~ 
(arm) (11 cm z s rz) (11 cm 2) ( A c m  -2) (F cm -~) (1) cm 2) 
0.1 70.1 + 1.8 1.17 z 0.35 41.4 • 11.7 335.9 • 14.1 0.35 
0.2 57.7 § 1.6 1.06 -+ 0.32 45.7 • 13.2 38L3 • 18.8 0.39 
0.4 33.8 • 1.1 0.64 • 0.19 76.0 • 21.6 485.0 -+ 28.8 0.38 
0.6 26.9 -+ 0.9 0.57 • 0.15 85.4 • 21.7 549.8 -+ 33.5 0.37 
0.8 23.2 x 0.8 0.50 -+ 0.15 96.2 • 26.7 615.2 -+ 41.9 0.37 
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Table IV. Comparison Of the peroxide concentration 1,2 determined from D O Co values (for D O = 1 • 10 5 cm 2 s i) with literature values and 
thermodynamic data at 800~ temperature end 0.2 otto Pcc~. 
Co x 107 
(tool cm s) 
Eleetroehemieal Appleby and Thermodynamic 
Po2 impedance Ramaswami Van Drunen data 
(atm) spectroscopy (20) (19) (21) 
0.1 3.41 3.50 2.90 0.72 
0.2 4.71 4.95 4.10 1.02 
0.4 6.55 7.00 5.80 1.44 
0.6 8.53 8.57 7.10 1.76 
0.8 9.74 9.89 8.20 2.03 
Table V. The reaction order with respect to oxygen for the exchan9e current density and D~'Z/Co estimated by cyclic voltemmetric 
and electrochemical impedance spectroscopic techniques. 
Estimated Theoretical 
Temperature Oz reactmn 02 reaction 
Parameter Technique (~ order order 
D~Co Electrochemmal impedance 800 0.53 -~ 0.02 0.50 
spectroscopy 850 0.56 _~ 0.11 
Cyclic voltammetry 800 0.48 • 0.01 
850 0.51 _+ 0.07 
i0 Electrochemical impedance 800 0.30 • 0.03 {}.38 
spectroscopy 850 0.44 • 0.18 
the  data  avai lable  in l i terature,  the  concen t ra t ion  of perox-  
ide (Co) was ca lcula ted  f rom the  mass- t ransfer  parameter  
D~or~Co for the  diffusion coeff ic ient  of  about  
1 x 10 ..5 cm 2 s ~. As shown in Table  IV, the  es t imated  con- 
cent ra t ions  of  pe rox ide  c o m p a r e d  well  wi th  those  deter- 
m ined  f rom the  oxygen  solubi l i ty  m e a s u r e m e n t s  of  
App leby  and Van D r u n e n  (19) and R a m a s w a m i  (20). The  
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Fig. 12. Plots of Io9 io vs. lag Po2 for 02 reaction orders determination 
at 0.2 otto Pco2; symbols: experimental data; lines: re9ression dote. 
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Fig. 13. Plots of Io 9 (D~)~Co)vs. Io9 (Poz) for 02 reaction orders de- 
termination at 0.2 arm Pc~; Do Co estimated by impedance analysis. 
theore t ica l  va lues  of  pe rox ide  concent ra t ion  in pure  lith- 
ium carbona te  mel t  e s t imated  from t h e r m o d y n a m i c  data 
(21) were  m u c h  smal ler  than  those  de te rmined  by experi-  
ment .  The  d i sc repancy  be tween  the  theoret ical  and experi-  
menta l  data  is due  to large uncer ta in ty  involved  w~th the 
t h e r m o d y n a m i c  data  for the mol ten  alkali  carbonates .  The  
plots to de t e rmine  react ion order  wi th  respect  to oxygen  
for the p roduc t  D~Co  are shown in Fig. 13. The  react ion or- 
ders  obta ined  are cons is ten t  wi th  those  obta ined  from cy- 
clic vo l t ammet r i c  measurement s .  As demons t ra t ed  in 
Table  V, the  oxygen  react ion orders  for the pe rox ide  for- 
mat ion  and the  e x c h a n g e  cur ren t  dens i ty  for oxygen  re- 
duc t ion  de t e rmined  by cyclic vo l t ammet r i c  and electro- 
chemica l  i m p e d a n c e  spec t roscopic  t echn iques  are 
compared  well  wi th  the  theoret ical  values.  
Conclusions 
The  kinet ic  and mass- t ransfer  related parameters  for the 
oxygen  reduc t ion  in pure  Li2COs were  de te rmined  as a 
funct ion  of  P ~  and t empera tu re  by i m p e d a n c e  analysis. 
The  t ranspor t  pa ramete r  D~2Co, obta ined  by both imped-  
ance  analysis and by cyclic vo l tammet ry ,  showed  excel-  
lent  agreement .  The  oxygen  react ion orders  resul t ing from 
the  mass- t ransfer  parameters  and the  exchange  cur ren t  
densi t ies  at 800~ were  de te rmined  to be 0.5 and 0.30, re- 
spect ively.  These  va lues  are cons is ten t  with the  perox ide  
reduc t ion  m e c h a n i s m  proposed  by Appleby  and 
Nicholson.  
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L I S T  OF S Y M B O L S  
A e lec t rode  area, cm 2 
Cd~ double  layer capaci tance,  F/cm 2 
Cj bulk concen t ra t ion  of  species  j, moYcm 3 
Dj bulk  diffusion coeff ic ient  of  species j, cm2/s 
Ep peak potential ,  V 
F Faraday ' s  constant ,  96,487 C/equiv.  
i cur ren t  densi ty ,  AJcm 2 
i0 e x c h a n g e  cur ren t  densi ty,  AJcm 2 
ip peak cur ren t  densi ty,  A]cm 2 
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n number  of electrons transferred in electrode 
reaction 
R universal gas constant, 8.314 J/mol - K 
R,., charge-transfer resistance, tl cm 2 
R~ solution resistance, fl cm :'~ 
T temperature, K 
v scan rate, V/s 
Z overall impedance, l-I cm 2 
Z' real part of impedance, fl cm 2 
Z" imaginary part of impedance, ~1 cm 2 
IZJ modulus of impedance, II cm 2 
Greek 
[3 symmetry factor for electrochemical reaction 
a Warburg coefficient, 1~ cm 2 s -~'~ 
to angular frequency, radian/s 
Subscripts 
O peroxide ions 
R carbonate ions 
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ABSTRACT 
A model for the cathodic electrode activation is developed so as to account for the polarization curves and impedance 
plots obtained for zinc deposition in alkaline electrolytes. The reaction pattern involves the two-step discharge of zincate 
ions through an oxide-containing layer whose ionic and electronic conductivities are potential activated. The sharp elec- 
trode activation with increasing cathodic polarization is shown to be related to the spreading and thinning of the conduc- 
tive layer. These phenomena and the concentration of the monovalent intermediate in the layer account for the three time- 
constants distinguished in the inductive electrode impedance. The growth of granular compact  deposits, favored by trace 
lead in the electrolyte, is associated with the exmtenee of a uniformly conductive layer on the whole electrode surface. The 
presence of  a fluorinated surfactant (FI 110) inhibits the formation of spongy deposits in close connection with modifica- 
tions to both the kinetic parameters of reaehons and the geometrical parameters of the conductive layer. 
Zinc deposition is known to occur mainly from zincate 
ions Zn(OH)42- (1-3) but the structure of zincate complexes 
in supersaturated alkaline electrolytes is not yet com- 
pletely established. Recent  results obtained with concen- 
trated solutions by laser Raman and ~Zn NMR methods 
have concluded in favor of the symmetrical tetrahedral 
form Zn(OH)42- (4). The latest data from spectroscopic 
techniques,  EXAFS and neutron diffraction, do not reveal 
any difference between under- and supersaturated solu- 
tions, and they have been explained by considering the 
presence of  waters of  hydration around the Zn(OH)42 ion 
(5, 6). Thus, the species responsible for supersaturation 
would be different from the main tetrahydroxozincates by 
the number  of water molecules (5). 
On the other hand the kinetics and the reaction mechan- 
ism of the deposition and dissolution of zinc in alkaline so- 
lutions are still a matter for discussion. A controversy ex- 
ists about the reaction mechanisms which have been 
derived from the values of reaction orders, Tafel slopes, 
and exchange current densities deduced from short-time 
transient measurements  (7-14), the quantitative data con- 
cerning these parameters being spread over a rather wide 
range of values. Dirkse and Hampson (7, 8) proposed the 
following mechanism 
Zn + OH- ~ Zn OH- [D-I] 
Zn OH --, Zn OH + e [D-2] 
Zn OH + OH -~ Zn(OH)2 + e- [D-3] 
Zn(OH)2 ~ 2 OH- ~ Zn(OHh 2- [D4] 
in which the rate-determining step for zinc dissolution is 
the electrochemical reaction [D-2], in agreement with the 
exchange current density observed to be independent  of 
the zincate concentration. Later on, Dirkse pointed out 
that the zinc electrode behavior is sensitive to the ionic 
strength in the electrolyte, and from comparisons at con- 
stant ionic strength, he confirmed that the rate-deter- 
mining step occurs early in the anodic sequence (9). 
A second mechanism was proposed by Bockris et al. (10) 
Zn + OH- ~ Zn OH + e- [B-I] 
Zn OH + OH- ~ Zn(OH)2 [B-2[ 
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